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Modern medicine relies on petroleum, particularly to transport patients, staff, and supplies, and to manufacture supplies and pharmaceuticals. 1, 2 This reliance is particularly heavy in the United States, which consumes petroleum disproportionately on a per capita basis compared with other nations. There is increasing consensus that petroleum production has already declined or will soon begin to decline and that constrained supplies will adversely affect most sectors, including health care. (Those unfamiliar with this body of evidence should consult the introductory article in this special issue by Schwartz et al. 3 ) Several authors have highlighted health care's exposure to declines in petroleum production, but the issue has received little attention from economists or policymakers, and little has been done to further assess and manage the potential risk.
In particular, there is no publicly available account of health care's utilization of petroleum-based products, and there have been no econometric studies evaluating historical associations between petroleum production and health care costs. While risk management activities are justified based on the precautionary principle, inattention to this issue has impeded interpretation of and action on the existing preliminary evidence. For instance, a concerned health system administrator who wants to assess a hospital's vulnerability to decreasing petroleum supplies and prioritize risk management strategies has no recommendations to follow.
We attempt to address these concerns within the constraints of a limited evidence base. We first explore evidence of the health care system's vulnerability to petroleum shortages, decomposing vulnerability into exposure, susceptibility, and resilience. We explore exposure by evaluating the magnitude of the US health care system's petroleum dependence, focusing on transport, medical plastics, and pharmaceuticals. We explore susceptibility by analyzing historical associations between the prices of petroleum and of health care goods and services. We explore resilience by assessing system disturbances from historical price shocks.
We then propose an adaptive management framework for engaging the issue. Adaptive management is useful for managing dynamic systems whose complexity complicates linear management decisions. The framework emphasizes stakeholder engagement, modeling, and iterative decision-making, putting a premium on learning about the system being managed and its responses to management decisions. After introducing the framework, we illustrate its application to an emergency medical services (EMS) system as an example of how this approach can be used to manage the health care system's extensive, if latent, risk.
HEALTH CARE'S VULNERABILITY TO PETROLEUM SUPPLY SHIFTS
In risk management frameworks, vulnerability is often broken down into exposure, susceptibility, and resilience. [4] [5] [6] [7] These components offer a useful starting point for empirically assessing health care's vulnerability to petroleum scarcity.
EXPOSURE
Health care constitutes 16% of the US gross domestic product--the highest such percentage in the Organization of Economic Cooperation and Development, in which the average is 8.9%. 8 Given that the United States consumes roughly one quarter of the world's oil production and emits approximately 8% of the world's greenhouse gases, 9 it is safe to conclude that health care in the United States consumes a large amount of petroleum and that health care's exposure to petroleum supply shortages is likely significant. Quantifying this exposure is difficult, however. Energy inputs and petroleum-based inputs into health care have not been a topic of investigation in the health or economic literature. Moreover, data on health care transport and medical plastics are scarce; there are few sources of data on the former, and most sources of data on the latter are proprietary. Similarly, very little has been published on petroleum inputs into other medical supplies and pharmaceuticals. Within these constraints, we present the results of a literature review and de novo analysis of available data.
Transport
In 2009, 72% of petroleum consumed in the United States was consumed as transport fuel. 10 Transport is also the leading category of petroleum use in the health care sector, which relies on petroleum-based fuels to move staff, patients, and medical supplies. There are no reported figures for commute distance stratified by occupation or industry, so the travel requirements of health care staff are unknown. To begin filling this gap, we analyzed commute distances for employees of a large academic health system in the Southeast that includes 4 inpatient hospitals and a wide range of outpatient facilities. The results of this analysis are presented in the box on this page which includes a map depicting commute patterns for employees commuting to the system's flagship hospital ( Figure 1 ). Our findings reinforce the conclusion that transport requirements for health care staff are significant. 16 Although distances traveled and fuel used are not routinely tracked, these transport services are fuel intensive. We know relatively little about patient transport, but we do know that patients tend to travel farther for specialist care and that primary care utilization is inversely related to distance. 17 Also, distance is inversely related to access for utilization 18 and screening, 19, 20 and distance factors into treatment decisions for therapies with significant transport costs (e.g., whether to pursue breast-conserving surgery or mastectomy with postoperative radiation therapy). 21 However, there are no published summaries of patient transport requirements overall. Estimates of trips made by patients are lower than are those for staff but are still large. Estimates vary significantly by source.
The National Center for Health Statistics (NCHS) reported that in 2006 there were 1.1 billion ambulatory health care visits, which accounted for 97% of all provider encounters, including outpatient visits, home health and hospice visits, and hospital admissions. 22 Each of these visits presumably generated 1 round trip. Staff transport is health care's largest category of petroleum use, but there are no published data on health care personnel transport. To begin filling this knowledge gap, we analyzed commute distances for staff of Emory HealthCare, a large academic health care system in the Southeast with approximately 11750 employees, 4 hospitals, and multiple outpatient clinics and ambulatory surgical centers. We used ArcGIS version 9.3 (ESRI, Redlands, CA) and its Network Analyst extension to calculate commute distances from the centroid of each employee's home zip code to that employee's work location, using the shortest route from the centroid of the zip code of origin to the destination. One-way commute distances were generated for each employee. We stratified results by position and compared internally and with estimates of commute distance for the region, using appropriate statistical tests. Altogether, assuming each employee commutes in a single-occupancy vehicle, employees in this system drive 314 542 miles (253 663 km) round-trip from home to work each day. Assuming a 5-day work week and a 50-week work year, employees of this health system drive more than 78 635 000 miles per year to and from work. Staff physicians' average commute, at 8.2 miles (13.2 km) 1 way, is approximately half that of other staff, at 15.1 miles 1 way (24.4 km; P < .001). Commutes for the subset of employees working at the health system's main hospital are shown in Figure 1 . These results are consistent with the expectation that health care staff transport requirements are substantial. Assuming an average automobile gas mileage of 22.6 miles per gallon, 12 employees of this system use approximately 3.5 million gallons of gasoline to commute annually. This is likely a slight overestimate because some employees presumably carpool, use public transportation, or work from home at some point or points during the year, reducing their demands for transport fuel.
Differences in sampling and definitions (e.g., including dental care) are likely the cause: the NCHS estimate is based on samples from health care sites, whereas the NHTS estimate is based on self-reporting in household surveys, which likely encompasses a wider range of healthcare related activity. In sum, there are extensive transport requirements for staff and patients in the health care sector. Transport requirements are significantly greater for staff than they are for patients. In our analysis of staff transport in a large academic health care system, presented in the box on this page approximately 11750 staff traveled approximately 78.6 million miles annually, reinforcing this conclusion. Assuming an average automobile gas mileage of 22.6 miles per gallon, 23 this health care system alone required 3.8 million gallons of fuel for staff transport for 1 year. The overall estimate of transport needs would of course increase further if supply transport were included.
Plastics and Pharmaceuticals
Plastics and pharmaceuticals are primarily derived from petrochemicals, and there are relatively few substitutes for petroleum inputs into these products. 24 Health care's reliance on petroleum for plastics and pharmaceuticals is a longstanding concern, first discussed widely after the 1973 oil embargo. 25 As with transport, there is little literature on the volume of petrochemical inputs into plastics and pharmaceuticals used for health care. In contrast with transport, however, there are no publicly available data to analyze. Thus, we explore the existing literature and attempt to generate broad estimates of petroleum usage in these categories. Plastics. Plastics are central to the antiseptic model of modern health care and are used in a wide range of medical devices, supplies, and packaging. Most plastics are derived from petroleum, although the proportion of all petroleum used for plastics is relatively small. In the 1970s approximately 5% of petroleum was used for plastics manufacture, 26 a proportion that has remained relatively stable. 10 In the 1970s 4% of all plastics were used in the health care sector, 27 and an estimated 0.2% of petroleum used in the United States was for medical plastics. 25 We have found no estimates more recent than these. The oil embargo of the 1970s caused inflation in the price of plastic feedstocks, delays in their delivery to factories, and subsequent delays in finished product delivery to health care facilities in the United States 25 and Britain. 28, 29 No literature directly addresses the possibilities for plastic substitution, but such options appear to be rare. Alternative feedstocks are in development and might be brought into production if necessary, albeit with significant infrastructure costs. 41 Pharmaceuticals. Pharmaceuticals are vital to health care but represent a relatively small proportion of total petroleum usage. Just less than half of all Americans take prescription medications at any point in time, and approximately 2.3 billion medication orders or prescriptions were written in 2006. 42 Approximately 75% of ambulatory visits involve medication administration or prescription. 42 Analgesics, antidepressants, antihyperlipidemics, antidiabetic agents, antiemetics, and antihistamines are the leading medications prescribed. 42 Again, there are no systematic reviews on petrochemical inputs into commonly prescribed medications. Approximately 3% of petroleum production is used for pharmaceutical manufacture, but nearly 99% of pharmaceutical feedstocks and reagents are derived from petrochemicals (oral communication, Joyce Easter, PhD, Virginia Wesleyan College, December 2010). Petrochemical feedstock costs are likely a relatively small share of total pharmaceutical costs, however, which are dominated by marketing, research, and development.
Summary of Exposure
These analyses suggest that most health system components are heavily reliant on petroleum and are thus significantly exposed to petroleum supply shifts. How this exposure will manifest depends on several factors, including the timing of peak petroleum production, the shape of the production curve's apogee (e.g., whether it will have a single peak, be shaped like a plateau, or undulate before dropping), the rate of production decline, the extent to which producing nations retain their domestic production, and shifts in how petroleum is allocated among various economic sectors. Expert consensus is agnostic on the shape of the production curve at the time of the peak, but holds that peak production will occur within a decade (if it has not occurred already) and that depletion rates will be on the order of 4% to 6% per year. 43, 44 The availability of substituting technologies such as electric vehicles, biofuels, and cellulosic polymers at the scale required for widespread substitution is far from certain. 45---48 Some argue that innovation and substitution will be inadequate even over the long term. 49 Absent aggressive efforts to scale up production of product substitutes, exposure probability for health care is high.
SUSCEPTIBILITY AND RESILIENCE
Susceptibility is a measure of exposure impact, and resilience is a measure of the degree to which a system retains its function in the face of shocks to its organization and function. Historical evidence would be helpful for exploring health care's susceptibility and resilience to petroleum supply shifts. However, very little of this historical evidence has been assembled. The oil embargo of the 1970s increased medical plastic costs, but the impact of oil supply shifts on health care prices has not been evaluated. An examination of the dependence of health care price on petroleum supply would show whether the system has historically demonstrated susceptibility. This is an important determination to make, although the impact of transient supply shifts is only a fair proxy for the potential impact of a prolonged supply contraction.
We can deduce many aspects of the relationship between short-term supply contraction and health sector impacts. Historical shortages have unfolded over months to years, so any consequent impacts should be similarly short term. There are substantial supply-chain reserves that take months to deplete, and pricing contracts delay price shifts, so delayed impacts seem likely. Also, petroleum is only one of several production factors, so the impacts of supply shortages would probably be dampened.
To evaluate for historical impacts we use 2 parallel approaches: we look at historic price shocks (which correlate with supply contractions), and we examine a time series of petroleum and health care prices from 1970 to 2010.
Health Care Price Inflation After Petroleum Supply Shocks
We graphed the trajectories of year-on-year inflation in several nonseasonally adjusted price variables: motor fuel, health care, health care services, health care commodities, prescription medications, plastics, and the consumer price index. All variables were indexed to a 1982---1984 base. We obtained consumer price index data from the US Bureau of Labor Statistics (available at: http://www.bls.gov/cpi/ data.htm) and graphed them using Excel. We Note. Shock periods begin in a month in which the 1-mo annual inflation rate for petroleum increased more than 20%. Shock periods end when prices started a steady decline.
and S3 (available as supplements to the online version of this article at http://www. ajph.org).
As expected, there often appears to be an association between decreased petroleum supply (indicated by a rise in inflation in motor fuel prices, which covary closely with petroleum supply), a rise in the price of plastics, and, lagged by several months, the prices of health care commodities and health care as a whole. The consumer price index, by comparison, serves as a control and generally shows less sensitivity. As expected, the increase in health care inflation is blunted compared with the rise in the price of plastics. These patterns are most evident in the first oil price shock in the 1970s, and they diminish over time. As the latter figures illustrate, over time there is increasing volatility in oil price inflation that makes it difficult to discern a clear pattern in later shocks.
There is little likelihood that reverse causation is driving these observations because health care delivery consumes a relatively small proportion of total petroleum output and does not set demand for petroleum-based products. Moreover, oil supply shifts are unrelated to health care delivery, so there is little likelihood that this association is significantly confounded by an unexamined factor. The most likely reasons for the observed association are that health care delivery is petroleum dependent and that its cost is sensitive to shifts in petroleum supply.
The apparent decline in the magnitude of effect is important to note, however. This is likely because of the decreasing contribution of both transport and supply costs to overall health care costs. Health care is a service industry, and labor costs are increasingly dominant in its price structure, as shown by the petroleum---health care price ratio presented in Table 1 . Overall, the analysis suggests an association between petroleum supply and health care prices that is inconstant over time because the costs of other health care components have risen disproportionately.
Time-Series Analysis of Petroleum Supply and Health Care Prices
We constructed an autoregressive distributed lag model to evaluate the association between petroleum and medical care prices with time lag. Our independent variable was monthly inflation in the price of nonseasonally adjusted imported crude oil, obtained from the Web site of the US Energy Information Administration (available at: http://www.eia.doe.gov). These data only go back to 1974, so we used the official price of Saudi light crude oil as a proxy for earlier years. 50 Our dependent variables were month-to-month inflation in consumer price indices for medical care, calculated using data downloaded from the US Bureau of Labor Statistics. When using a time-series design, all variables should be stationary. To achieve this, we differenced both the dependent variable and the independent variable once, and we confirmed stationarity using the augmented Dickey---Fuller test. The basic model specification is:
where DY t is the month-to-month difference in medical care price inflation and DX t is the month-to-month difference in oil price inflation. We included lagged values for the independent variables to estimate the effect of oil price variation in previous months on present medical care price inflation. Lagged dependent variables were included to adjust for serial correlation, and we adjusted seasonality by adding monthly dummies. The analysis revealed that from 1972 to 1980, a 1% increase in monthly oil price inflation resulted in a 0.03% increase in monthly medical care prices at 8 months' lag, with an elevation sustained through 20
Note. NSA = nonseasonally adjusted; PPI = producer price index. To help depict trends, the figure presents additional years before and after the price-shock period. Table S1 (available as a supplement to the online version of this article at http://www.ajph.org). The coefficients in Table S1 represent the magnitude of the association between a 1% increase (decrease) in monthly oil price inflation and the resulting percentage increase (decrease) in the dependent variables. The monthly lag structure for the relationship between oil price inflation and medical care price inflation from 1972 to 1980 is illustrated in Figure S4 (available as a supplement to the online version of this article at http:// www.ajph.org).
months. Full results are shown in
The principal findings of this analysis support our hypothesis: oil price inflation had a modest impact on health care price inflation, with some time lags. Also, the impact on medical commodity prices started later than did the impact on other medical care prices. Finally, both the magnitude and statistical significance of the impact were much larger in the 1970s than after the 1980s, when we observed no effect.
Susceptibility and Resilience, Short Term vs Long Term
Our analyses suggest that, historically, health care shows moderate susceptibility to petroleum supply shifts but also resilience: when petroleum supply declined over the short term, health care prices were affected, but the system was not significantly disrupted. Impacts might be more marked if some of the costs sensitive to petroleum supply, such as transport for health care personnel and patients, were internalized in the metrics of health care price.
Care should be taken in extending these results to long-term petroleum supply contraction, which likely is a categorically different exposure. Factors that affect susceptibility to long-term shifts include exclusive dependence on petroleum inputs, the potential for supply chain localization, and the potential for product substitution. Other susceptibility factors derive from contextual and cultural issues that drive system behavior at larger geographic and time scales. For instance, overall susceptibility is likely increased by an emphasis on fee-for-service care, which is associated with excess health care use, 51 and an emphasis on secondary and tertiary interventions over primary care, which drives use of several different categories of costly and often petroleum-intensive resources. 51, 52 Just as the health care system may be more susceptible in the long term, it may also be less resilient. Factors that drive short-term resilience, such as supply reserves, will be overwhelmed by longer-term shocks. In the case of longer-term contraction, redundancies within the system and the capacity to localize production factors will be more important. System coordination and flexibility can also facilitate product substitutions. For instance, the capacity to substitute telemedicine visits for some faceto-face care would enhance resilience to petroleum supply shocks. Localization of resources, such as reliance on nearby primary care over distant specialty services, could reduce transport costs. Other examples of factors that could enhance long-term resilience include localization of food supplies and human capital resources for hospitals and health care systems.
Enhancing resilience may be slow and laborious. Take, as 2 interrelated examples, the challenges of creating a resilient supply of medical plastics and pharmaceutical feedstocks. Biodegradable feedstocks for plastics are increasingly available. 53 Biodegradable items such as gloves, tubing, gowns, implants, drug delivery devices, and hernia repair materials are in development, 54 as are bioplastics, whose components are not petroleum based and are derived from renewable raw materials. 55 There is great potential for these innovations 56 ; however, none of these technologies are in wide use in health care yet. According to one source, Note. To help depict trends, the figure presents additional years before and after the price-shock period. Cost concerns, regulatory wariness, minimal selection, and a lack of strong demand from end-users have deterred medical device manufacturers from pursuing the use of more environmentally friendly plastics. 53 Although sustainability is an acknowledged goal of the chemical and pharmaceutical industries, 57 few pharmaceutical companies have adopted green chemistry principles or renewable feedstocks on a large scale.
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Summary of Health Care's Vulnerability
All told, the health care system exhibits high exposure, moderate susceptibility, and high resilience to short-term supply shocks; long-term shocks likely pose a more difficult challenge. The uncertainties associated with the problem, and the possibility that longer-term supply contraction may overwhelm short-term resilience, lead us to suggest the use of an adaptive management framework to engage the issue.
ADAPTIVE MANAGEMENT OF HEALTH CARE'S PETROLEUM USE
All modern health care is complex; the US health care system, with its structural diversity, numerous payers, and extensive bureaucracy, is even more complex than are others in the developed world. As Sterman and others have noted, complexity bedevils evidence-based policymaking by slowing evidence accumulation, evidence interpretation, and evidence translation. 59 These complications have been termed ''policy resistance'' (i.e., ''the tendency for interventions to be delayed, diluted, or defeated by the response of the system to the intervention itself''). 60 Health care has areas of significant potential policy resistance that are important to consider. Some of the system's most significant structural aspects were unintended. The current employer-based insurance system was a consequence not of intentional policy but of World War II wage controls that led Henry Kaiser and other employers to lure workers with health insurance. 61 This arrangement has endured despite perverse incentives that limit coverage for sick patients. The system has since integrated other powerful incentives, such as fee-for-service pay schedules, that reinforce its interventional orientation, raising long-term costs. 62 These features of the system promote inefficiency and may amplify vulnerability to petroleum supply contraction. Policy resistance is an issue for managing vulnerability to petroleum supply shifts. Consider the policy proposals issued by the Na- ; these characteristics interact dynamically to affect management outcomes. 67 Adaptive management originated in the natural resources sector 68 as an iterative process that acknowledged complexity and uncertainty, emphasized ongoing learning, and allowed for continuous stakeholder input. 69 It has enjoyed considerable success, although some problems have resulted from implementation in inappropriate contexts. 70 Dynamic models have been used to facilitate adaptive management in health systems, 71---73 but petroleum supply issues have not been incorporated into these models. Apart from a handful of examples, the framework is relatively unfamiliar to public health, though its components are staples of public health practice.
67,69,74---76
The Adaptive Management Framework
The National Research Council emphasizes 6 primary elements of adaptive management 77 :
1. management objectives that are regularly revisited and accordingly revised; 2. a model of the system(s) being managed; 3. a range of management choices; 4. monitoring and evaluation of outcomes; 5. a mechanism (or mechanisms) for incorporating learning into future decisions; 6. a collaborative structure for stakeholder participation and learning.
Similarly, there are 6 steps in the process, diagrammed in Figure S5 (available as a supplement to the online version of this article at http://www.ajph.org):
1. assessment; 2. planning; 3. implementation; 4. monitoring; 5. evaluation; 6. adjustment.
The process tailors strategies to particular systems and situations. 78 Because of the resources required to assemble system models, it is particularly suited to managing larger systems. Stakeholder engagement is pivotal to its success. A wide range of producers and a diverse range of personnel are integral to the process of providing health care, and all need to be included to make adaptive management of the process a success. Those who manage health care policy and shape the health care system over time, ranging from academics to third-party payers, also need to be included. Stakeholders are likely to approach the issue from a wide range of perspectives. Health care personnel, particularly those whose commuting costs consume a larger proportion of their income, will have different priorities from facility managers. Health care extenders may lobby for increased reimbursement of travel expenditures, whereas third-party payers are likely to advocate for incentives to increase efficiency in petroleum-intensive activities such as home health services and emergency medical transport of patients. Inclusion of a wide variety of stakeholders and identification of a common set of principles and goals among them is key.
HYPOTHETICAL APPLICATION OF THE ADAPTIVE MANAGEMENT FRAMEWORK
The application of the adaptive management framework is perhaps best conveyed by example. We use a hypothetical EMS system to illustrate how the process might be applied.
First, all the relevant stakeholders for the system should be engaged. In the EMS example, this includes the various organizations responsible for emergency response, e.g., the local fire department, EMS organizations, and EMS medical directors. Depending on how the system is organized (i.e., whether it is administered and funded by a municipality, county, or other entity), the agencies responsible for funding and oversight should also be included, as should EMS personnel. Finally, local residents and the local health department should give input. Depending on how the EMS organizations secure their fuel supplies, vendors and vehicle service facility representatives should also be present.
Assessment
The assessment phase is primarily concerned with generating consensus on management goals, exploring system vulnerabilities, and feeding this information into a model to facilitate management activities.
Management goals. In the case of EMS, the primary system goal is the prompt field stabilization of acutely ill and injured patients and their safe transport to a facility where they can receive definitive care. Stakeholders are likely to state a number of other priorities, including preservation of existing networks and responsibilities (fire departments, for example, often focus on medical response and may be reluctant to relinquish that responsibility). The ultimate goal of the adaptive management process might be a hybrid of increasing operational efficiency and increasing system resilience while operating within existing infrastructural constraints.
Exploring system vulnerabilities. Nearly all transport activities in EMS systems as currently configured are dependent on petroleum-based fuel, making EMS systems highly vulnerable health system components. An estimate of fuel use is important to assessing exposure. Here we use national-level data to outline how this might be done. This process requires some assumptions because there are no comprehensive data.
In 2006 there were 18.4 million ambulance transports to emergency departments. 15 Estimates in the literature for patient transport from scene to hospital range from 4 to 8 miles; studies suggest that the distance from deployment to scene is half the transport distance. 79, 80 Assuming a 3-mile deployment, a 6-mile transport, and a 3-mile return to base, and assuming gas mileage of 6 miles per gallon for EMS response in an urban environment, 81 we derive an estimate of 36800 000 gallons of fuel annually for patient transport. This is a significant underestimate of total fuel use given that many systems employ multiple vehicles per call and that staff and supply transport are not included; but this estimate gives a general sense of EMS's dependence on fuel for patient transports. Moreover, in rural counties or urban environments with high levels of health care utilization but relatively few providers, ambulance transport distances are much higher, by as much as a factor of 4.
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As for other susceptibility factors, the fuel supply chain is quite long, stored supply is minimal, and local production is unlikely, though local biodiesel supplies could be harnessed. Product substitution in the form of improved fuel efficiency or alternative fuels is possible but would require significant capital outlays. Some large EMS organizations have improved fuel efficiency in response to fuel price increases, 83 but published information on other innovations is rare.
Modeling. Model construction should begin during the assessment phase. Models can vary widely, from simple diagrams and mental models to complex system dynamics models parameterized from experience and expert knowledge. The requirement of using a model to facilitate system management should not deter system managers from engaging the adaptive management process, because the primary goal is to bring together stakeholders to make collective decisions in an iterative process, not to generate a system model. That said, it is important to revisit and revise the model with successive iterations of the process because the better the model characterizes the system and its behavior--including its responses to management decisions--the more helpful the model will be in guiding management decisions.
Planning
The planning stage is primarily concerned with identifying management options and specific points of leverage and choosing specific management options to pursue.
Identifying management options and specific points of leverage. Management options for an EMS system include interventions at the level of individual EMS vehicles and interventions in overall system organization.
Interventions at the vehicle level include purchasing vehicles with increased fuel efficiency or hybrid liquid fuel---electric drive vehicles, switching to alternative fuels such as liquid petroleum gas or biodiesel, 84 and switching to different vehicle types (e.g., motorcycles for first response). Other substitutions, such as conversion to hybrid or plug-in electric vehicles, are potentially feasible but would require large capital outlays and other system features to maintain performance standards. These substitutions are also subject to limitations in the supply of nonrenewable fossil fuels used to generate electricity in many locales. Interventions at the system level might include changes in deployment strategy (e.g., from dynamic deployment, in which ambulances roam according to demand, to fixed deployment, in which they are stationed at posts) and strategies to reduce fuel usage while dynamically deployed. Other interventions might include decreasing the number of vehicles deployed in response to an EMS call and development of a system of nonurgent medical transport (which is typically more fuelefficient) to focus EMS resources primarily on truly urgent needs. Increasing the use of telemedicine is another possible intervention that has the potential to reduce demand for EMS transports, particularly from nursing homes to emergency departments 85 ; reducing rates of patient transport by air is another, although for severely ill and injured patients, indications must trump fuel-use concerns. 86 In all of these cases, identifying points of leverage is important, which will depend on the particular system being managed. For instance, in many EMS systems ambulance mileage could be improved relatively easily. Another point of leverage may involve focusing services on truly urgent needs and shifting remaining demand to more fuel-efficient nonurgent transport.
Choosing specific management options to pursue. The choice of management options should be based on the needs and priorities of system managers and stakeholders. In this process it is important to consider ancillary costs and benefits of the various management options in an effort to perform a more comprehensive cost-benefit calculation. For instance, increasing ambulance fuel efficiency reduces EMS vulnerability to rising fuel prices and cuts operating costs. Replacing some firstresponder vehicles with motorcycles can improve response time 87, 88 but must be balanced against the safety of EMS personnel. 89 Another important consideration is the life-cycle energy cost associated with replacing a vehicle fleet and making other significant infrastructure changes. Throughout the process, it is important to note that adaptive management is an iterative process, and more ambitious management options can be deferred if appropriate.
Implementation, Monitoring, Evaluation, and Adjustment
There is no predefined time period for implementation, but typically management options will be implemented over a course of months to years. Implementation is primarily the responsibility of system managers, but it is important to maintain close contact with stakeholders during implementation. It is also important to consider how evaluation will take place and to institute monitoring and evaluation strategies while interventions are being rolled out.
As noted, the outcomes to be monitored should be outlined in the assessment phase. Methods for conducting monitoring should be addressed in the planning phase, and monitoring systems should be put in place during implementation. The monitoring phase thus primarily consists of collection of data that will be used during evaluation. Data to be monitored will likely include process indicators to determine the success of the planning and implementation phases, and outcomes related to management goals. Monitoring should track data on system performance and vulnerability to petroleum scarcity. For instance, in a system that replaces its fleet with more fuel-efficient vehicles, it would be important to track impacts on fuel efficiency, maintenance costs, operational safety, and reliability. In another example, if a policy is put in place to reduce the time ambulances spend idling while deployed in the field, it might be important to monitor EMS staff comfort while deployed and staff behavioral adaptations to new policies (e.g., parking their vehicles and seeking climate-controlled environments, which may affect their response time). Importantly, the data collected during the monitoring phase should facilitate learning about the system and its responses, to facilitate future decision-making. 90 Evaluation for adaptive management is no different from traditional program evaluation, except that it should address the range of concerns that stakeholders identify as priorities. In certain adaptive management approaches that use complex modeling and multicriteria decision analysis, 91 more complex evaluation methods that use Bayesian statistics are often employed, 75, 92, 93 but this need not be the case for more relatively straightforward management processes. Adjustment, a key phase, is the point in the cycle when evaluation results are collated and presented to stakeholders, and the next phase of the cycle is engaged. In this phase learning is consolidated, and new questions and management goals are generated. Additional relevant information external to the system being managed--such as updated petroleum supply projections, alternative fuel options, novel telemedicine methods, and other developments that could affect the system's structure and performance--should be integrated into the process during adjustment and the cycle's next assessment phase.
Modeling Considerations
As noted previously, adaptive management is typically facilitated by models that are adjusted continuously during the process. These models can be simple or quite complex. For more complex modeling efforts focused on the health care system as a whole, a system dynamics model would be most effective. 59 Such approaches have been applied to the petroleum industry, 94 various public health 71, 72 and medical problems, 95 and health reform strategies, 73 but not to petroleum use in health care. A dynamic model could help identify the potential reverberations and unintended consequences of proposed interventions, provide a more solid footing for risk evaluation, 96 and allow policymakers to anticipate and minimize resistance to evidence-based policymaking.
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CONCLUSIONS
The health care system is vulnerable to petroleum supply shifts as a result of its widespread exposure and significant susceptibility. Historically, health care has been resilient to short-term supply shifts, but this resilience may deteriorate with longer-term supply contraction. In such an event, impacts will be felt on local, regional, and national scales, and the system's organizational structure may be challenged.
The adaptive management framework presented here may be useful for engaging these concerns, but health care is limited in its ability to promote wider systemic change. Health care is deeply entwined with other economic sectors, and the peaking of conventional petroleum production is likely to have profound economic, policy, and geopolitical ramifications that extend well beyond health care's relatively small orbit. Many structural factors exacerbate the US health care system's vulnerability to petroleum scarcity, from reliance on employerbased insurance to a procedurally oriented third-party-payer system. The effect of petroleum scarcity on health systems, and their response to those effects, will ultimately take place within this broader context. Here we have discussed health care largely as if it were an isolated entity, and this is a valid approach at a certain level of analysis. But health care is obviously a piece of a much larger puzzle, and changes to petroleum consumption within health care will not happen in isolation from larger social and political commitments (or the lack thereof).
Managing these issues within the health sector is likely to be difficult, given health care's size, decentralization, multiple stakeholders, and complexity; but it is nevertheless imperative. With visionary, activist leadership and support from outside the health sector, the necessary transformation could already be under way when petroleum production begins to decline, allowing the health care system to remain resilient. The longer it takes for adaptation efforts to begin, however, the more the response will be shaped by exigency, and the more likely it is that policy resistance will undermine management efforts, potentially compromising the system's capacity to maintain population health. j
